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MonolayerThe disorders in cholesterol biosynthesis pathway and various diseases manifest in the accumulation of
cholesterol precursors in the human tissues and cellular membranes. In this paper the effect of desmosterol –
one of cholesterol precursors – on model lipid membranes was studied. The investigations were performed for
binary SM/desmo and POPC/desmo and ternary SM/POPC/desmo monolayers. Moreover, the experiments
based on the gradual substitution of cholesterol by desmosterol in SM/POPC/chol = 1:1:1 system were done.
The obtained results allowed one to conclude that desmosterol is of lower domains promoting and stabilizing
properties and packs less tightly with the lipids in monolayers. Moreover, desmosterol probably could replace
cholesterol in model membranes, but only at its low proportion in the system (2%), however, at a higher degree
of cholesterol substitution a signiﬁcant decrease of themonolayer stability and packing and alterations in theﬁlm
morphology were detected. The results collected in this work together with those from previous experiments
allowed one to analyze the effect of a double bond in the sterol side chain aswell as its position in the ring system
on membrane activity of the molecule and to verify Bloch hypothesis.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Cholesterol is a dominating sterol inmammalian tissues and cells.
In simple terms, biosynthesis of this compound is started from acetyl
CoA via mevalonate to squalene. Then, in the cyclisation reaction
squalene is transformed into lanosterol, which is the ﬁrst sterol in
cholesterol biosynthesis pathway [1,2]. Subsequent reactions lead
to the formation of the next cholesterol intermediate products, one
of them being zymosterol [2]. Further synthesis of cholesterol occurs
via two alternative ways, proposed by Bloch and Kandutsch-Russell,
respectively. According to Bloch pathway a direct precursor of cho-
lesterol is desmosterol, while in Kandutsch-Russell conception cho-
lesterol is produced from 7-dehydrocholesterol [2]. Cholesterol
biosynthesis involves series of enzymatic reactions and today it is
known that any disorders and errors in cholesterol synthesis gener-
ate serious malformation syndromes [3,4]. These are connected with
the alterations in the level of cholesterol precursors in tissues and
membranes. For example Smith–Lemli–Opitz Syndrome (SLOS) is
associated with the increase of circulated 7-dehydrocholesterol,
desmosterolosis is connected with the increase of desmosterol,
while lathosterolosis is related to the accumulation of lathosterol
[4–6]. The increase of non-cholesterol sterols concentration in mam-
malianmembranes raises the question on the effect of the precursors48 12 634 05 15.
.on membrane organization. In the foregoing context it is of great im-
portance to deﬁne a correlation between the structure of sterol mol-
ecule and its domains promoting properties. The latter stimulates
the investigations on the effect of sterols on membranes. The mem-
brane activity (that is condensing, ordering and domains promoting
properties of sterols) of cholesterol versus its major precursors:
lanosterol, zymosterol, desmosterol and 7-dehydrocholesterol was
compared in the number of studies on artiﬁcial membranes. Despite
the years of investigations some principles concerning the mem-
brane activity of cholesterol forerunners are still under elucidation.
For example the results obtained for lanosterol [7–12] evidenced
that this steroid is of much lower condensing, ordering and domains
promoting abilities as compared to cholesterol [7–12]. However,
some of the results shown that this sterol is able to alter ordering
of lipids, to reduce membrane permeability and to stabilize in some
degree the lipids rafts, while the other indicated that its effect on
domain formation is rather weak or even no domains were detected
in model DOPC/DPPC/lanosterol membranes [7–12]. On the other
hand, further precursors in cholesterol biosynthesis pathway, name-
ly zymosterol, desmosterol and 7dehydrocholesterol reveal stronger
membrane condensing and ordering effect than lanosterol; they are
able to promote domain formation and stabilize rafts in model sys-
tems, however in a different extent as compared to cholesterol
[7–10,13–16]. As it was evidenced in model bilayer and monolayer
membranes, zymosterol membrane activity is weaker as compared
to cholesterol [9,16], while 7-dehydrocholesterol is of greater raft-
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havior in membranes seems to be not fully clear. Namely, some of the
studies proven that the inﬂuence of cholesterol and desmosterol on
lipid packing in model membranes is very similar [8,14,17], and it was
proposed that this sterol may replace cholesterol in membrane and
rafts [8]. On the other hand, the other experiments evidenced that the
stabilizing effect of cholesterol precursor (i.e. desmosterol) on lipid
rafts is much weaker as compared to cholesterol [9] and it promotes
domain formation in lower extent, which excluded possibility of the
replacement of cholesterol by desmosterol in membrane domains
[15]. Also the results on the inﬂuence of cholesterol substitution by
desmosterol on signaling processes in cells did not provide clear conclu-
sions whether these two sterols can replace each other and fulﬁll the
same functions in membranes and cells. Namely, desmosterol similarly
to cholesterol can support the ligand binding function of serotonin1A
receptor [18]. However, the presence of desmosterol instead of choles-
terol affects the pathway of the insulin signaling in human hepatoma
cells [15]. The accumulation of desmosterol in the human organism is
connected not only with malformation syndromes (desmosterolosis)
but it was also detected in coronary artery disease or various liver dis-
eases [3]. Moreover, the increase of desmosterol level occurs also in tis-
sues and membranes of Alzheimer disease patients [19,20]. Thus, the
identiﬁcation of the similarities/differences in the properties of
desmosterol vs cholesterol may be important also to understand the
role of sterols in pathogenesis of various human disorders.
In this work we present the results of the monolayers studies aimed
at analyzing the effect of desmosterol onmembranes. The investigations
involved the analysis of the effect of the sterol on sphingomyelin and
POPC ﬁlms as well as on SM:POPC = 1:1 mixture. Moreover, to verify,
in what extent cholesterol could be replaced in the model membranes
by desmosterol, the experiments based on the substitution of animal
sterol (cholesterol) by its precursor (desmosterol) in SM/POPC/sterol=
1:1:1mixture were performed. Based on the foregoing experiments the
properties of desmosterol were analyzed and compared with the prop-
erties of cholesterol and zymosterol.
2. Experimental
2.1. Materials and methods
Synthetic sphingomyelin (N-palmitoyl-D-erythro-sphingosylphos
phorylcholine, SM), 1palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and desmosterol were purchased from Avanti Polar Lipids Inc.,
USA. Cholesterol was supplied by Sigma. All the compounds were the
products of high purity (99%). Spreading solutions of SM and POPC
were prepared in chloroform:methanol 9:1 v/v mixture, while the ste-
rols were dissolved in chloroform. The solvents were purchased from
Aldrich (HPLC grade, 99.9%). The concentration of the lipid solutions
was of ca. 0.3 mg/ml. Mixtures were prepared from the respective
stock solutions and deposited onto water subphase with the Hamilton
microsyringe (±2.0 μl). After spreading the ﬁlms were left for 10 min
before the compression was initiated (barrier speed of 20 cm2/min).
2.1.1. Langmuir trough experiments
The experiments were performedwith NIMA (UK) Langmuir trough
(total area = 300 cm2) placed on an anti-vibration table. Surface pres-
sure was measured (±0.1 mN/m) using the Wilhelmy plate made of
ﬁlter paper (ashless Whatman Chr1) connected to an electrobalance.
The subphase temperature (20 °C) was controlled thermostatically
(±0.1 °C) by a circulating water system. For the experiments Ultrapure
Milli-Q water was used.
2.1.2. Brewster angle microscopy experiments
Brewster angle microscopy experiments were performed with
UltraBAM instrument (Accurion GmbH, Goettingen, Germany) equipped
with a 50mWlaser emitting p-polarized light at awavelength of 658 nm,a 10× magniﬁcation objective, polarizer, analyzer and a CCD camera.
The spatial resolution of BAM was 2 μm. In order to notice anisotropy
in the reﬂected images, the analyzer was rotated to speciﬁc angles in
the directions opposite from p-polarization.
2.2. The studied monolayers
The experimentswere done for desmosterol (desmo), sphingomyelin
(SM)/desmosterol, phosphatidylcholine (POPC)/desmosterol mixtures
differing in the lipid proportion. Then, the inﬂuence of desmosterol on bi-
nary SM/POPC= 1:1 ﬁlms was studied at 33; 50 and 67% of the sterol in
the systems (SM/POPC/desmo = 1:1:1; SM/POPC/desmo = 1:1:2 and
SM/POPC/desmo = 1:1:4). Finally, in the SM/POPC/cholesterol = 1:1:1
monolayer the animal sterol was gradually substituted by desmosterol.
2.3. Data analysis
To analyze the condensation, miscibility and interactions between
molecules in the studiedmonolayers themean area permolecule values
(A) were estimated from the isotherms aswell as excess areas ofmixing
(AExc) values were calculated from Eq. (1) [21]
AExc ¼ A−Aid ð1Þ
where A is the value of mean area per molecule derived from the iso-
therms at a given surface pressure, where Aid is the area corresponding
to ideal mixing deﬁned as (Eq. (2)):
Aid ¼∑AiXi ð2Þ
where Ai is the mean area per molecule for the respective one compo-
nent ﬁlms, and Xi is the mole fraction of the respective component in
the mixed monolayer. Ai calculated from the above equation means a
linear combination of the areas of all the respective single components
and their molar fractions in the mixtures. From the surface pressure–
area (π–A) isotherms recorded upon compression of the monolayers
the compressionmodulus values,were also calculated fromEq. (3) [22]:
C−1S ¼−A dπ=dAð Þ ð3Þ
wherein A is the mean area per molecule value at a given surface pres-
sure π.
3. Results
In Fig. 1a, b the surface pressure–area isotherms recorded for the
mixtures of desmosterol and sphingomyelin or phosphatidylcholine,
respectively, are shown. In the same ﬁgure (c, d) the mean area per
molecule values taken from the isotherms at various surface pressures
are presented. The dashed lines in these ﬁgures correspond to the
areas resulting from the ideal mixing of the monolayer components
(Eq. (2)). Finally in Fig. 2 the excess area per molecule values calculated
for the investigated lipid/desmosterol systems at the surface pressure of
30 mN/m are shown. In the same ﬁgure, for the comparison, the values
obtained for the monolayers composed of SM (or POPC) mixed with
cholesterol at the same experimental conditions were presented [16].
The surface pressure–area isotherms for SM and POPC ﬁlms (in Fig. 1)
are in agreement with those published previously [16,23]. The curve for
desmosterol is typical for the isotherms for sterols monolayers i.e. it is
characterized by a rapid increase of the surface pressure with the mono-
layer compression and a steep course. This indicates on a high condensa-
tion and ordering of sterol ﬁlm, which corroborates with small values of
the mean area per molecule (38.2 A2/molecule at π= 30 mN/m) and
high values of the compression modulus (CS−1 ≈ 700 mN/m at π =
30 mN/m). As it can be seen, the addition of desmosterol to SM or
POPC monolayer causes the shift of the curves to smaller areas and the
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Fig. 1. The surface pressure area isotherms (π–A isotherms) for the mixedmonolayers
composed of desmosterol and SM and desmosterol and POPC differing in the lipid
proportion deﬁned by the molar fraction of sterol (1a, b) and the mean area per
molecule values vs the composition plots for these ﬁlms calculated at various surface
pressures.
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Fig. 2. The comparison of the excess area per molecule values for cholesterol vs
desmosterol mixtures with SM and POPC (π= 30 mN/m). The data for SM/cholesterol
and POPC/cholesterol mixed ﬁlms were taken from Ref. [16].
1641K. Hąc-Wydro et al. / Biochimica et Biophysica Acta 1848 (2015) 1639–1645vanishing of the phase transition clearly observed in the isotherms for
sphingolipid monolayer. To analyze the miscibility of desmosterol with
the studied lipids the mean area per molecule values at various surface
pressures were compared with the values resulting from additivity rule
and corresponding to an ideal mixing of the monolayer components.
The obtained results indicate that (Fig. 1c, d) for both studied sys-
tems and for all the investigated surface pressures, the mean area per
molecule values obtained from the experimental curves are lower
than those resulting from additivity rule. The occurrence of these devi-
ations evidences that the studied systems behave nonideally, while
their negative character (the negative deviations from ideality) allowsone to conclude that the addition of desmosterol to SM or POPC ﬁlm
causes condensation of the area.
The deviations from ideality observed for the studied binary ﬁlms
(Fig. 1) achieve a minimum at 30% of sterol and 50% of sterol in the sys-
tem for desmo/SM and desmo/POPC mixtures, respectively. A similar
trend was observed previously for the systems containing cholesterol
[23,24] and similar systems containing other membrane active sterols
[24]. Further addition of sterol does not promote as strong decrease of
the mean area per molecule, which is manifested in a decrease of the
AExc values (the values of this parameter beyond the minimum become
less negative for both mixed systems). The origin of this behavior is the
differences in the structure of phospholipid molecules determining the
properties of the respective one-component ﬁlms. Namely, POPC has
one monounsaturated chain with a cis double bond, which causes
chain's bending. This limits a tight packing of themolecules and inhibits
the effect of sterol as compared to the studied SM having two fully sat-
urated chains. Therefore, POPC ﬁlm is less condensed and less ordered
than SM monolayer, which is conﬁrmed by the larger mean area per
molecule values at a given surface pressure and lower compression
modulus values for POPC as compared to SM. The presence of sterol
molecules causes systematic condensation and ordering of lipids, the
changes in the tilt of the chains and reorientation of polar heads in re-
spect to the surface normal, up to the maximum (minimum of AExc).
Then the effect of sterol becomes weaker since the molecules in the
monolayer are more tightly packed and ordered, which limits the effect
of sterol. The differences in the effect of sterol on lipid ﬁlms at low and
high concentration of steroids were analyzed in details previously [23].
To compare the condensing effect of desmosterol and cholesterol,
the excess area per molecule values were calculated (Fig. 2). As it was
found, the values of this parameter are lower (more negative) for cho-
lesterol-containing mixtures as compared to desmosterol containing
ﬁlms. During BAM experiments no substantial differences in the mor-
phology of the lipid ﬁlms containing desmosterol vs cholesterol were
observed. As it can be seen in Fig. 3 cholesterol precursor studied herein
forms the ﬁlms, which are highly condensed even at very low surface
pressure. A high condensation and ordering is also a characteristic fea-
ture of cholesterol monolayers [23,24]. However, based on BAM pic-
tures taken for both sterols at the surface pressure of π = 0 mN/m
(the images for cholesterol can be found in Ref. [23,24]) it can be con-
cluded that in this region cholesterol ﬁlms are more condensed than
desmosterol monolayers. During compression of SM/desmomixed sys-
tem foam like structures typical for gaseous and ﬂuid phase coexistence,
appear initially in the pictures. However, with the increase of the surface
pressure a condensed phase can be observed in the images and at ca.
10mN/m (for SM/desmo=2:1mixture) this phase covers thewhole in-
terface. For the remaining SM/desmo mixtures the images were similar,
however, the surface pressure at which the ﬁlm becomes condensed
desmosterol
SM/desmo, Xdesmo = 0.333
SM/desmo, Xdesmo = 0.9
POPC/desmo, Xdesmo = 0.333
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80 μm 
Fig. 3. BAM pictures for selected desmosterol/SM and desmosterol/POPC monolayers.
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in the monolayer. The formation of the condensed phase was also ob-
served after incorporation of desmosterol into POPC monolayer and
also this effect with similar to that reported previously for cholesterol-
containing ﬁlms [23]. The addition of desmosterol to SM/POPC = 1:1
monolayer causes the shift of the isotherms to smaller areas, which is
similar to the effect of cholesterol [16]. However, the comparison of
the excess area per molecule values for SM/POPC/cholesterol and SM/
POPC/desmosterol monolayers (Fig. 4b) evidences that cholesterol con-
denses SM/POPC ﬁlmmore strongly than desmosterol, whichmanifests
in lower AExc values for the former monolayers. As can be observed in
Fig. 4c, the addition of desmosterol to SM/POPC mixture causes also
the increase of the compression modulus values. This indicates that
the sterol molecules induce a systematic ordering of the lipids in the
monolayers. Although the differences in the compression modulus
values for SM/POPC/chol and SM/POPC/desmo monolayers are not sig-
niﬁcant, the values of this parameter are always higher for cholesterol-
containing system. Therefore, it can be concluded that also the ordering
effect of cholesterol is stronger than the effect of desmosterol. The con-
densing effect of desmosterol reﬂects also in BAM pictures recorded for
the studied systems. Selected images are shown in Fig. 5, while the pic-
tures for cholesterol-containing ﬁlms can be found in Ref. [16].
At the initial step of the compression of SM/POPC/desmo = 1:1:1
monolayers the gaseous, ﬂuid and liquid condensed phase coexist.
Then, the gaseous phase vanishes and only domains of condensed
phase dispersed within ﬂuid matrix are visible. In the surface pressure
ranging from 6 to 8 mN/m, the monolayer is homogenous, while at ca.
10mN/m the small domains appears. These domains exist up to the col-
lapse, however, with the increase of the surface pressure they become
brighter. At a ﬁrst glance these pictures are very similar to those pre-
sented previously for SM/POPC/chol = 1:1:1 ﬁlms. However, some dif-
ferences should be pointed out. Namely, at a given surface pressure thepictures for cholesterol-containing ﬁlms are more condensed than
those for the desmosterol-containingmixtures,which reﬂects in a faster
(that is at lower surface pressure) formation of condensed phase and
vanishing of gaseous and ﬂuid phase. Moreover, condensed domains
formed in SM/POPC/chol = 1:1:1 ﬁlms are larger than those for SM/
POPC/desmo = 1:1:1 monolayer.
In the ﬁnal step of our investigations the effect of the gradual substi-
tution of cholesterol in SM/POPC/chol = 1:1:1 mixture by desmosterol
on the monolayer properties was veriﬁed. The isotherms recorded for
the SM/POPC/sterols = 1:1:1 mixtures differing in the cholesterol to
desmosterol ratio are shown in Fig. 6a. Based on the mentioned above
results for SM/POPC/chol = 1:1:1 and SM/POPC/desmo = 1:1:1 it can
be seen the area per molecule values for cholesterol-containing ﬁlm
are lower (that is the monolayer is more condensed) than those for
the remaining system. On the other hand, the compression modulus
values for both mixtures are similar in the range of error (ca 180 mN/
m). To be able to quantitatively analyze the effect of cholesterol replace-
ment by desmosterol the variations in the AExc values for thesemixtures
were calculated (Fig. 6b).
As it can be observed the substitution of cholesterol causes the in-
crease of the AExc values, which means the decrease of the monolayer
condensation. However, it is important to note that this effect is very
weakwhen only 2%of cholesterol is replaced bydesmosterol.Moreover,
as evidenced in BAM images, at 2% of desmo the morphology of the
mixed ﬁlm does not differ from the ﬁlm containing cholesterol as the
sole sterol. However, further substitution of cholesterol by its precursor,
induces much stronger ﬂuidizing and destabilizing effect. This reﬂects
both in a drastic increase of AExc values as well as in BAM pictures
taken for these monolayers (Fig. 5).
Comparing the pictures taken for SM/POPC/chol = 1:1:1 mixture
with those recorded for the systems, in which chol was partially (10%
or 30%) or totally (SM/POPC/desmo=1:1:1) substituted by desmosterol
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noticed. Namely, at low surface pressures (up to 0.5 mN/m) the coexis-
tence of gaseous, ﬂuid and condensed phase can be observed in the
presence of desmosterol in the ﬁlms; the domains formed at higher sur-
face pressures seem to become smallerwith the increase of desmosterol
in themonolayer, andﬁnally the higher the level of desmo in the system
the brighter the domains observed at π≈ 30 mN/m. This is in contrast
to SM/POPC/chol = 1:1:1 monolayer, which is more condensed even at
low surface pressures than desmosterol-containing ﬁlm.
4. Discussion
The results presented herein concerning the investigations on the
miscibility and interactions between desmosterol and sphingomyelinor POPC in themixedmonolayers evidenced that the studied cholesterol
precursors mix nonideally with both phospholipids. The addition of
desmosterol to SM and POPC ﬁlm causes monolayer condensation and
ordering. The strongest contraction of the area occurs at 30% and 50%
of sterol in the mixture with SM and POPC, respectively. Similar result,
that is the lipid composition of the most stable monolayers found for
desmosterol/lipid ﬁlms, was observed previously for the systems con-
taining cholesterol and othermembrane active sterols [23–25]. However,
the comparison of these results with those collected previously for
cholesterol-containing systems allows one to conclude that desmosterol
and cholesterol differ as regards the efﬁciency in modulating membrane
properties. Although the recorded BAM images did not evidence signiﬁ-
cant differences in the effect of desmosterol vs cholesterol on SM and
POPC ﬁlm, the parameters calculated from the isotherms (that is more
negative AExc values and higher CS−1 values) indicate that cholesterol re-
veals stronger condensing and ordering properties than desmosterol.
Similar conclusions (namely a lower ability of desmosterol to condense
and order lipid monolayer) provided the results of our experiments on
ternary SM/POPC/desmo systems. As it was found the incorporation of
desmosterol into SM/POPC ﬁlm causes its condensation, which is mani-
fested in the negative values of the excess area per mixing values and
this effect is, similar to cholesterol, the most pronounced for 1:1:1 mix-
ture. However, the observed inﬂuence is weaker for desmosterol as com-
pared to cholesterol. Also the morphology of the SM/POPC/desmo ﬁlms
analyzed based on BAM images taken at various stages of the compres-
sion suggests lower condensation of this monolayer as compared to
SM/POPC/chol ﬁlm. This proves that desmosterol is ofweakermembrane
activity than cholesterol and shows weaker domains-promoting proper-
ties. This is undoubtedly the prerequisite to conclude that desmosterol is
not able to totally replace cholesterol in membranes and rafts. However,
to verify the foregoing hypothesis, further experiments were performed,
inwhich cholesterolwas gradually replaced by desmosterol in SM/POPC/
cholesterol=1:1:1ﬁlms. As itwas found the substitution of 2% of choles-
terol in the foregoing system by desmosterol only slightly increases AExc
values and does not alter the morphology of the studied ﬁlm. It can be
therefore proposed that the properties of these ﬁlms are similar to the
properties of the nativemonolayer. However, further substitution of cho-
lesterol strongly modiﬁes the properties of the system, that is decreases
thermodynamical stability of the monolayer and makes the interactions
between the molecules weaker as compared to those existed in SM/
POPC/cholesterol mixture. This inﬂuence, which was found even at 5%
substitution of cholesterol, is reﬂected in a strong increase of AExc values.
Moreover, the replacement of cholesterol by desmosterol results in a de-
crease of the monolayer condensation, which was clearly observable in
BAM pictures recorded for these systems. Therefore, we conclude that
desmosterol can probably replace cholesterol in the model lipid mem-
brane, however, in a very narrow range of concentrations and the re-
placement of even 5% of cholesterol by its precursor visibly modiﬁes
monolayer characteristic. Thementioned above Langmuirmonolayer ex-
periments provide the ﬁndings, which are in agreement with those pub-
lishedpreviously [15]. Namely, desmosterol is less effective as a promoter
of domain formation and its stabilizer and packs with lipids less tightly
than cholesterol. Similar conclusions, that are lower domains promoting
abilities of desmosterol vs cholesterol were formulated in the studies by
Megha and London [9]. These differences in packing abilities and rafts
forming properties of desmosterol vs cholesterol were attributed to the
differences in the tilt angles of bothmolecules [15]. The atomistic simula-
tions evidenced [15] that the tilt of desmosterol in respect toDPPCbilayer
membrane normal is 27° while for cholesterol it is of 20°. The differences
in the tilt are the consequence of the presence of a double bond in the
side chain of desmosterol molecules. In the same studies [15] 70% of cho-
lesterol was depleted by desmosterol in human hepatoma cells (HuH7
cell) and the effect of this modiﬁcation on insulin raft-dependent signal-
ing was monitored. Based on these experiments it was concluded that
desmosterol cannot fulﬁll the role of cholesterol in lipid rafts since it
alters an insulin signaling pathway. On the other hand, the other results
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Fig. 5. BAM images for selected ternary POPC/SM/sterol monolayers. The pictures for cholesterol-containing ﬁlms were taken from Ref. [16].
1644 K. Hąc-Wydro et al. / Biochimica et Biophysica Acta 1848 (2015) 1639–1645demonstrate that desmosterol can replace cholesterol for speciﬁc ligand
binding function of serotonin1A receptor in solubilized membranes
[18]. Taken together the results of our experiments and the results pre-
sented in the literature it can be only concluded that desmosterol can
be in some degree (depending on the concentration and membrane
type) able to mimic cholesterol in membranes. Finally, based on the ex-
periments presented in this work as well as those reported previously
[16] we are able to compare the effect of cholesterol and its two precur-
sors, namely zymosterol and desmosterol on themixed lipid ﬁlms. In the
Supplementary Materials (S1) we have collected the results for the re-
spective SM/sterol, POPC/sterol and SM/POPC/sterol monolayers. These
results evidenced that both mentioned above cholesterol precursors are
able to condense the studied lipidﬁlms,which is reﬂected in the negative
deviations from ideality. Interestingly, the condensation of these mono-
layers measured by the excess area and the mean area per molecule
value (Fig. S1) changes progressively from zymosterol to cholesterol.The analysis of AExc values indicates that, among the investigated sterols,
the strongest effect on the lipid monolayer condensation and packing as
well as stability exerts cholesterol, while the weakest — zymosterol.
Moreover, comparing the results in Fig. S1 a–b more similarities in the
behavior of desmosterol to cholesterol than between zymosterol and
cholesterol can be found. Namely, the minimum of AExc, which informs
on the strongest area contraction and the stronger intermolecular forced
appears at the samemonolayer composition for desmosterol and choles-
terol (50% for POPC/sterol and 30% for SM/sterol and SM/POPC/sterol
monolayers). On the other hand, for zymosterol-containing mixtures
this minimum is shifted to larger sterol proportion both for SM and
POPC ﬁlms and it is observed at 70% of sterol in the system. This enables
to conclude on much lower condensing efﬁciency of zymosterol vs the
remaining sterols. The foregoing results may prove the Bloch Hypothesis
on gradual changes of the membrane properties of sterols in cholesterol
biosynthetic pathway [26].
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Fig. 6. The surface pressure–area isotherms for SM/POPC/sterols ﬁlms (a) and the changes
in the AExc values SM/POPC/Chol ﬁlm caused by cholesterol replacement by desmosterol
(π= 30 mN/m). The data for SM/cholesterol and POPC/cholesterol mixed ﬁlms were
taken from Ref. [16].
1645K. Hąc-Wydro et al. / Biochimica et Biophysica Acta 1848 (2015) 1639–1645Moreover, the comparison of the results of similar experiments for
zymosterol [16] and desmosterol enable us to verify the role of the po-
sition of a double bond in the steroid ring system. As it was found in the
monolayer experiments zymosterolmolecules pack less tightlywith the
lipids in themodelmembrane than desmosterol. Since these two sterols
differ only as regards the position of a double bond in a ring B it can be
proposed that the observed differences in the properties of zymosterol
and cholesterol results from the foregoing differences in the double
bond position. Moreover, the differences in the effect of zymosterol
and desmosterol on the properties of SM and POPC monolayers are
more pronounced than the differences between desmosterol and cho-
lesterol. Therefore it can be postulated that the position of the men-
tioned above double bond more signiﬁcantly affects the membrane
activity of sterol than the structure of a side chain in desmosterol vs cho-
lesterol molecule.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2015.04.017.Conﬂict of interest
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